Steel fiber reinforced lightweight-aggregate concrete (SFRLAC) has many advantages applied in structural engineering. In this paper, the autogenous shrinkage and drying shrinkage of SFRLAC for up to 270 days were measured, considering the effects of types of coarse and fine aggregates with the changes of water-to-binder ratio and volume fraction of steel fiber, respectively. The properties of mix workability, apparent density, and compressive strength of SFRLAC were also reported and discussed in relation to above factors. Test results show that the development of autogenous and drying shrinkage of SFRLAC was fast within 28 days and tended to be steady after 90 days. The development of autogenous shrinkage of SFRLAC reduced with the increasing waterto-binder ratio and by using the expanded shale with higher soundness and good water absorption, especially at early age within 28 days; the later drying shrinkage was reduced and the development of drying shrinkage was slowed down with the increasing volume fraction of steel fiber obviously; manufactured sand led to less autogenous shrinkage but greater drying shrinkage than fine lightweight aggregate in SFRLAC. The regularities of autogenous shrinkage and drying shrinkage of SFRLAC expressed as the series of hyperbola are analyzed.
Introduction
Shrinkage is a common phenomenon of concrete, which can induce tensile stress when the shrinkage is restrained, and may lead to cracking and finally reduce the service life and durability of concrete structures [1] . With the development of long span, large size, and high rise buildings, the design for considering the influence of concrete shrinkage becomes more and more important [2] . Based on the forming mechanisms, shrinkage can be divided as autogenous shrinkage and drying shrinkage. As the volume of cement hydration products is less than the sum of volumes of water and binders, pores and capillaries formed in the hardened cement paste. Autogenous shrinkage takes place because of the self-desiccation of pores and capillaries, resulting from the continuous hydration of binder materials after initial setting. Drying shrinkage takes place mainly due to the free water evaporated from the pores and capillaries near element surfaces to ambient air. The main factors influencing drying shrinkage are concrete strength, cement type, geometry, curing condition, and starting age [1] [2] [3] [4] as well as some properties of concrete mix such as cement dosage, fine aggregate percentage, air content, and slump [1, 3, 4] . The above properties of concrete mix are also the primary factors influencing the autogenous shrinkage of concrete, which determines the composite microstructure of cement paste in concrete. Meanwhile, the coarse aggregate is the bone of concrete, which constrains the shrinkage of concrete in different degrees depending on the type, grading, maximum size, fine aggregate percentage, and volume ratio of aggregate in concrete [5] .
In view of the marked shrinkage of normal weight concrete (NWC), especially of high-strength concrete, the internal curing provided by a partial replacement of normal weight aggregate (NWA) by lightweight aggregate (LWA) has been developed as an effective technique for shrinkage mitigation in recent years [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In this method, the use of prewetted LWAs as internal water sources of concrete is the key of study, as the unsaturated LWAs may lead to an opposite effect due to the absorption of water from matrix 2 Advances in Materials Science and Engineering pores into aggregate pores [7] [8] [9] [10] [11] . The saturated LWAs can absorb significant amounts of water before mixing and release the water gradually during concrete hardening. The released water will contribute to restoring part of the water which has been lost through internal self-desiccation or external drying of concrete. However, the efficiency of internal curing by LWAs depends not only on their water absorption but also on their desorption characteristics, as not all kinds of LWA can release a sufficient amount of absorbed water during hardening of concrete, although most of them are able to absorb significant amounts of water because of their high porosity. Generally, the desorption characteristics depend on the microstructures of pores [13] , the surface open porosity, and the particle size [14] ; a coarse pore structure with a high proportion of well-interconnected pores leads to better desorption behavior for internal curing [15] . Meanwhile, the capability of internal curing of LWAs reduces with the decrease of water-to-binder ratio and the increase of concrete strength [16] [17] [18] .
Theoretically, if the coarse NWA was fully replaced by the coarse LWA, NWC will become the lightweight aggregate concrete (LAC). As in most cases, structural LAC is made with a LWA as coarse aggregate and normal weight sand (natural river sand or manufactured sand) as the fine aggregate [19] . Therefore, the internal curing of LAC by saturated LWAs should be developed to the best; the difference of shrinkage of LAC to NWC should mainly depend on the difference of properties of coarse aggregates. As reported [20, 21] that with the same strength, LAC with higher moisture content LWAs has smaller shrinkage at early age but is finally larger than NWC; however the shrinkage of LAC with lower moisture content LWAs is always larger than that of NWC. When part of the lower water absorption LWAs was replaced by crushed limestone, the shrinkage of LAC could be reduced. This is because, for the same strength, LAC has larger volume of cement paste, and the modulus of elasticity of LWA is lower than that of NWA. However, with the different compositional parameters such as types of LWA (fly ash based artificial aggregate, sintering expanded clay, pumice aggregate, or oil palm shell), amount and type of binder, water-to-binder ratio, mineral admixture (silica fume, fly ash), and initial prewetting method for LWA, the shrinkage of LAC may be lower or greater than that of NWC [22] [23] [24] [25] [26] [27] . Generally, the shrinkage of LACs is reduced by the rigid LWA with higher modulus of elasticity in water saturated condition prewetted and with the greater volume of LWA in the same volume of paste [24] [25] [26] . And most importantly, in current standard methods, the shrinkage of LAC is usually estimated from the expressions defined for NWC and always gets higher value than those measured in practice [24, 28] . For the proper prediction of shrinkage, the special characteristics of LAC should be considered.
With the application of fiber reinforced LAC in structure engineering, the effects of steel fibers or hybrid fibers on shrinkage of LAC were also studied. Among them, LACs were made by using cold-bonded fly ash aggregate [29] , sintered fly ash aggregate [30] , and expanded clay aggregate [31] [32] [33] as coarse aggregate and river sand as fine aggregate. Generally, the shrinkage of LACs did not change much at early age; however it reduced later to some extent. Fibers (carbon fiber, steel fiber, and polypropylene fiber) in LAC could not change the shrinkage behavior of base LAC affected by LWAs and water-to-binder ratio; their effect is mainly on the restraining of drying shrinkage. As the type and content of fibers are new parameters affecting the shrinkage of LAC, the research become complex and should be carried out comprehensively with other parameters changed.
In view of the wide application of sintering expanded shale as a LWA [20, 21] and the inexorable trend of natural sand replaced by manufactured sand [5, 34] , this paper is focused on the autogenous and drying shrinkages of SFRLAC (steel fiber reinforced LAC) with the change of expanded shale and fine aggregate. The water-to-binder ratio and the volume fraction of steel fiber are taken into consideration to study their effects on autogenous shrinkage and drying shrinkage, respectively. Meanwhile, the mix workability, apparent density, and compressive strength are also given out. The aim of this study is to quantify the effects of aggregates, water-to-binder ratio, and volume fraction on the shrinkage of SFRLAC and finally gives a reference for the practical analysis of structural design.
Experiment

Raw Materials
Cement: grade P.O. 52.5 ordinary silicate cement produced in accordance with China Standards [35] ; the physical and mechanical properties are listed in Table 1 .
Admixture: class-II fly ash with physical properties listed in Table 2 .
Coarse aggregate: two kinds of ceramsite of sintering expanded shale in continuous gradation with maximum size of 20 mm. They were sieved based on the maximum density principle. The physical and mechanical properties are listed in Table 3 .
Fine aggregate: lightweight sand of fine sintering expanded shale and manufactured sand in continuous gradation with size of 1.6-5 mm. The physical properties are listed in Table 4 .
Steel fiber: milling type, 36 mm long, 1.35 mm equivalent diameter, and 27.1 aspect ratio.
Water reducer: polycarboxylic acid superplasticizer with water-reducing rate of 19%.
Water: tap water.
The water absorption of lightweight aggregates was measured in accordance with China Standard GB/T 17431.2 [36] ; the results are drawn in Figure 1 .
Test Parameters and Mix Proportion of Concrete.
Test parameters of this study were considered as volume fraction of steel fiber ( ), water-to-binder ratio ( / ), two kinds of coarse lightweight aggregate, and fine lightweight aggregate and manufactured sand [37, 38] . Their combinations for testing of autogenous shrinkage and drying shrinkage are listed in Table 5 , where the double letters of mix number are the identifiers of expanded shale and sand; the following digits represent / and .
The mix proportion of SFRLAC was designed in accordance with the specifications in China Standard JGJ 51 [19] , where the absolute volume method was selected. For all mixes, the dosages of cement and fly ash were 440 kg/m 3 and 110 kg/m 3 ; the dosage of water reducer was 5.5% cement.
Test Methods.
From Figure 1 , we can know that the water absorption of lightweight sand at 5 min reached 81.7% at 1 hour; the water absorption of ordinary and high-strength expanded shales at 10 min reached 82.4% and 86.3% at 1 hour. Therefore, the lightweight sand was prewetted for 5 min; the expanded shales were prewetted for 10 min, before they were put into concrete mixer. The dosage of prewetted water was calculated by the water absorption at 1 hour. Test for mix slumps was in accordance with the specification of China Standard GB/T50080 [39] , which is identical to British Standard BS EN 12350-2-2009 [40] .
The apparent density of SFRLAC was measured in accordance with the specification of China Standard JGJ51 [19] . Three cubes were used as a group for each SFRLAC. They were dried to be a steady weight in drying box at (105∼110) ∘ C, and then the apparent density was gotten from the weight divided by the volume of cube.
The cubic compressive strength at 28 d of each group was tested by using the cubes in dimension of 150 mm; each group had three cubes. The cubes were tested on YE-2000A hydraulic compression machine for compressive strength of SFRLAC in accordance with the specifications of China Standard GB/T50081 [41] , which is identical to British Standard BS EN 12390-3-2009 [42] .
The shrinkage of SFRLAC was measured in accordance with the specification of China Standards GB/T50082 [43] , JG/T472 [44] , and CECS 13:2009 [45] . As listed in Table 6 , six groups of SFRLAC were used to study the autogenous shrinkage; each group had two specimens; eight groups of SFRLAC were used to study the drying shrinkage; each group had three specimens. The measuring device for autogenous shrinkage is shown in Figure 2 ; the specimen is Ø150 mm × 450 mm cylinder. Two micrometer gauges were fixed symmetrically on the specimen accompanying the copper rods by using the embedded gaging heads with standard datum length of 250 mm. The specimens were placed in the standard curing room with (20 ± 2) ∘ C temperature and (65 ± 5)% RH. The cast surface was covered by wet cloth. After cast for 12 hours, they were demolded and closely wrapped with polypropylene plastic film. The measuring started at 24 hours after specimen cast.
The prisms in dimension of 100 mm × 100 mm × 550 mm were used to measure the drying shrinkage. The copper ends were embedded at specimen ends along the longitudinal centroidal axis. The prisms were demolded after casting for 12 hours and placed into the standard curing box shown in Figure 3 (a) with (20±2) ∘ C temperature and (60±5)% RH. The length comparator shown in Figure 3 (b) was used to measure the specimen length due to drying shrinkage. The measuring started at 24 hours after specimen cast.
Results and Analysis
Mix Workability.
Test results of mix slump are listed in Table 6 . As tests reported [37] , the mix slump tended to reduce with the increase of volume fraction of steel fiber. This is mainly due to the bridging effect of steel fiber; surface, corner angles, and stone powder [34, 38] . Compared with the mix with H-expanded shale, the mix with Nexpanded shale had lower slump. This is because of the larger specific surface area of N-expanded shale with lower density.
Apparent Density and Compressive Strength.
As can be seen from Table 6 , due to the high density of steel fiber and design by the absolute volume method, the apparent density of SFRLAC increased with the volume fraction of steel fiber. With the 0.4% increment of volume fraction of steel fiber, the apparent density increased by 1∼3% with an average of 2.2%; however the dry apparent density of SFRLAC with lightweight sand was lower than 1850 kg/m 3 . With the increase of / , the density of SFRLAC reduced somewhat. The density of SFRLAC with manufactured sand was heavy; fortunately it was also within the specified range of LAC less than 1950 kg/m 3 [19] . As tests reported [37] , the compressive strength of SFRLAC increased with the volume fraction of steel fiber and decreased with the increase of / . SFRLAC with manufactured sand had higher compressive strength than that with lightweight sand.
Autogenous Shrinkage.
Test results of autogenous shrinkage of SFRLAC for up to 270 days are listed in Table 7 and shown in Figure 4 . As can be seen in this table and figure, the development of autogenous shrinkage of SFRLAC was fast within 28 days and tended to be steady after 90 days. For the SFRLAC with H-expanded shale and L-fine aggregate, the autogenous shrinkage grew slowly with the increasing / , especially at early age within 28 days; this is because of the cement hydration water supplied by sufficient free water in pores of SFRLAC with larger / , resulting in the moist pores and capillaries with less pore shrinkage stress. With the same / and L-fine lightweight aggregate, the autogenous shrinkage of SFRLAC with N-expanded shale developed fast within 28 days and was overall larger than that of SFRLAC with H-expanded shale; this is mainly due to the less compressive strength of N-expanded shale resulting from the weaker particle soundness, resulting in the bad resisting to the shrinkage deformation. Compared to SFRLAC mixed with L-fine lightweight aggregate, SFR-LAC mixed with manufactured sand (M-sand) had smaller autogenous shrinkage; this may be due to the higher particle soundness of M-sand filed into the pores of expanded shales to constrain the autogenous deformation and the better interfacial bond property between cement paste and particles of manufactured sand [5, 38] ; all of these are beneficial to reduce the autogenous shrinkage of SFRLAC. Based on the statistical analysis of test data, the regularity of autogenous shrinkage of SFRLAC can be expressed well as a series of hyperbola: 
where as ( , ) is the autogenous shrinkage of SFRLAC at age and is the initial age for the testing of autogenous shrinkage, here taken as 1 day after molding. 1 ( 2 ) and 1 ( 2 ) are the shape factors related to coarse aggregate and fine aggregate, respectively; they are listed in Table 8 .
The comparison of formula (1) with test results is also shown in Figure 4 , which fitted better with correlation coefficient greater than 0.90.
From formula (1), it can be concluded that / is a main factor influencing not only the development rate at early age, but also the later developing state of autogenous shrinkage. As can be seen from Table 8 , the effects of 6 Advances in Materials Science and Engineering different type of aggregate on the autogenous shrinkage of SFRLAC are well reflected by the changes of influencing factors. Under the same condition of other parameters, and compared to the SFRLAC with H-expanded shale and Lfine lightweight aggregate, N-expanded shale increases the development of autogenous shrinkage at early age; M-sand decreases the development rate at early age but prolongs the later developing stage.
Drying Shrinkage.
Test results of drying shrinkage of SFRLAC for up to 270 days are listed in Table 9 . As can be seen in this table and Figure 5 , the development of drying shrinkage of SFRLAC was slowed down with the increasing volume fraction of steel fiber. The three-dimensional distribution of steel fibers in concrete builds the frame constraining the shrinkage deformation of concrete; this effect will be stronger with the increasing volume fraction of steel fiber due to the better and better net structure bridged among steel fibers. As the large elastic modulus and tensile strength of steel fibers, the constraining effects of steel fiber on the drying shrinkage of SFRLAC were obvious. Based on the statistical analysis of test data, the regularity of drying shrinkage of SFRLAC with different volume fraction of steel fiber can be expressed as a series of hyperbola:
where ds ( , ) is the drying shrinkage of SFRLAC at age and is the initial age for the testing of autogenous shrinkage, here taken as 1 day after molding. and are the shape factors related to the volume fraction of steel fiber. From formula (2), the shape factors and can be obtained by the fitting analysis of test data shown in Figure 5 . After that, the linear relation of them with volume fraction of steel fiber can be obtained as follows and is shown in 
Combined with formula (2), factor decreases and increases with the increase of volume fraction of steel fiber. This means that the later drying shrinkage will be reduced and the development of drying shrinkage will be slowed down by the strong restraint effect of steel fibers, respectively. The comparison of formula (2) with test results of SFRLAC with different volume fraction of steel fiber is drawn in Figure 7 , which fitted better with correlation coefficient greater than 0.90.
Similar to the development of autogenous shrinkage, with the same water-to-binder ratio and L-fine lightweight aggregate, the drying shrinkage of SFRLAC with N-expanded shale developed fast within 28 days and was overall greater than that of SFRLAC with H-expanded shale. This showed that the constraining effect of steel fibers on shrinkage deformation of SFRLAC could not change the inherent shrinkage of base LAC formed by cement paste and aggregate. Compared to SFRLAC mixed with L-fine lightweight aggregate, SFRLAC mixed with manufactured sand (M-sand) had greater drying shrinkage. This is because of the larger water absorption of L-fine lightweight aggregate leading to the beneficial internal curing for cement hydration. In this case, the beneficial effects such as the rigid particle of M-sand filling into the pores of expanded shales to constrain the autogenous deformation and the better interfacial bond property between cement paste and particles of M-sand become secondary.
Based on the statistical analysis of test data, the regularity of drying shrinkage of SFRLAC with different aggregates can also be expressed as a series of hyperbola. On the basis of formula (2), it is
where and are the influencing factors related to coarse aggregate and fine aggregate.
Results of statistical analysis for values of influencing factors in formula (5) are listed in Table 10 . The comparisons of test data with computation of formula (5) are shown in Figure 8 . As can be seen from Table 10 , the values of influencing factors and for SFRLAC with N-expanded shale/M-sand are not equal to the product of those for SFR-LAC, respectively, with N-expanded shale/L-fine lightweight aggregate and with H-expanded shale/M-sand. This means that the influences of expanded shale and fine aggregate (sand) on drying shrinkage of SFRLAC were correlated. In this study, the drying shrinkage of SFRLAC with N-expanded shale and M-sand was largest.
Conclusions
From this study, the main conclusions can be given as follows. (1) The mix slump was affected by water-to-binder ratio obviously and tended to reduce with the increase of volume fraction of steel fiber. Mixes with N-expanded shale or manufactured sand had lower slump.
(2) The apparent density of SFRLAC increased with the volume fraction of steel fiber and reduced somewhat with the increase of / ; however it was less than 1850 kg/m 3 or 1950 kg/m 3 by using lightweight sand or manufactured sand, respectively. The compressive strength of SFRLAC increased with the volume fraction of steel fiber and decreased with the increasing / , while it was higher with manufactured sand than that with lightweight sand.
(3) Test results of autogenous shrinkage of SFRLAC for up to 270 days are given out. The development of autogenous shrinkage of SFRLAC was fast within 28 days and tended to be steady after 90 days. The autogenous shrinkage of SFRLAC with H-expanded shale and L-fine aggregate grew slowly with the increasing / , especially at early age within 28 days. With lower compressive strength than that of H-expanded shale, N-expanded shale resulted in the fast development within 28 days and overall greater autogenous shrinkage of SFRLAC. However, L-fine lightweight aggregate led to greater autogenous shrinkage than manufactured sand in SFRLAC.
Based on the test data, the regularity of autogenous shrinkage of SFRLAC can be expressed well as a series of hyperbola, in which the effects of / , coarse aggregate, and fine aggregate are independently qualified on the development rate at early age and the later developing state of autogenous shrinkage.
(4) Test results of drying shrinkage of SFRLAC for up to 270 days are presented. The later drying shrinkage was reduced and the development of drying shrinkage was slowed down with the increasing volume fraction of steel fiber obviously. Similar to the development of autogenous shrinkage, N-expanded shale leads to the fast development within 28 days and overall greater drying shrinkage than H-expanded shale in SFRLAC. But the internal curing of L-fine lightweight aggregate was more beneficial to reduce the drying shrinkage compared with manufactured sand in SFRLAC.
Based on the test data, the regularity of drying shrinkage of SFRLAC can be also expressed as a series of hyperbola in which the shape factors are linear with the volume fraction of steel fiber, and the influencing factors of coarse aggregate and fine aggregate are qualified. The values of influencing factors show that the effects of these two expanded shales, fine lightweight aggregate and manufactured sand, on drying shrinkage of SFRLAC were correlated. In this study, the drying shrinkage of SFRLAC with N-expanded shale and Msand was largest.
